ABSTRACT Diagnostic concentrations for several standard and experimental insecticides were determined for a laboratory reference strain of soybean looper, Pseudoplusia includens (Walker), using an insecticide diet overlay bioassay to evaluate the relative susceptibility of Þeld (P) and F 1 generations of four Þeld-collected strains of third-, fourth-, and Þfth-instar soybean loopers in 1996 and 1997. Diagnostic concentrations were deÞned as concentrations that killed 90 Ð95% of the susceptible individuals and were 5 ppm for permethrin, 1,300 ppm for thiodicarb, 60 ppm for chlorfenapyr, 5 ppm for emamectin benzoate, and 60 ppm for spinosad. Field strains exhibited signiÞcantly greater percentage survival than the laboratory reference strain in the permethrin bioassays in 1996 and 1997 in both the P and F 1 generation bioassays and in the thiodicarb bioassays in 1997. Larvae exposed to diagnostic concentrations of the experimental insecticides chlorfenapyr, emamectin benzoate, and spinosad usually did not exhibit signiÞcantly higher percentage survival than the reference strain.
THE SOYBEAN LOOPER, Pseudoplusia includens (Walker), has a history of developing resistance to many classes of insecticides used for its control . Because of its propensity for developing resistance to chemical control measures, the soybean looper has emerged in recent years as a costly and difÞcult pest to manage in soybeans, particularly in areas where cotton and soybeans are grown in adjacent Þelds (Felland et al. 1990 , Thomas and Boethel 1994 . Most recently, the soybean looper has developed resistance to the pyrethroid insecticide permethrin.
Soybean looper resistance to permethrin has been studied extensively. Baseline dosage-mortality data for this pest have been collected for several pyrethroid insecticides , Thomas and Boethel 1994 . However, several researchers have stated that dosage-mortality lines may not be as appropriate for determining the proportion of resistant individuals in a population as a discriminating dose (Roush and Miller 1986 , ffrenchConstant and Roush 1990 , Plapp et al. 1990 , Zettler and Cuperus 1990 . Mink and Boethel (1992) developed a diagnostic technique for evaluating permethrin resistance in the soybean looper by exposing larvae, the target stage for control measures, to permethrin-coated vials. A similar technique was developed to monitor permethrin resistance in soybean looper adults (Mink et al. 1993 ). These techniques provide relatively quick and simple determination of permethrin resistance levels of soybean looper populations from different geographic regions. In addition, some of the resistance mechanisms involved (Rose et al. 1990, Thomas and Boethel 1994) and the manner in which pyrethroid resistance is inherited (Thomas and Boethel 1995) have been reported.
Some new chemistries, such as the pyrrole insecticide chlorfenapyr; the avermectin, emamectin benzoate; and the spinosyn, spinosad; show promise for soybean looper management in both cotton and soybean. These new compounds, which act primarily as stomach poisons, are being tested for efÞcacy against lepidopteran pests such as the soybean looper. Although these chemistries have modes of action that differ from pyrethroids, it is imperative that resistance monitoring tools, such as development of diagnostic concentrations, are established for these insecticides. Also, it is vital to monitor insecticide resistance development to these insecticides with a bioassay technique (overlay bioassay) that is appropriate for evaluating these new insecticides that primarily act as stomach poisons. Thus, two diagnostic techniques, the glass vial assay for contact toxins and the diet overlay bioassay for stomach poisons, are needed to monitor response of the target pest stage (larva).
The objectives of this study were to develop diagnostic concentrations for the previously recommended insecticide, permethrin and the currently recommended carbamate standard, thiodicarb against laboratory-reared and Þeld-collected strains of soybean looper using an insecticide-diet overlay bioassay, and to develop diagnostic concentrations for the newly developed compounds, chlorfenapyr, emamectin benzoate, and spinosad.
Materials and Methods
Insects. Soybean loopers were collected from soybean, Glycine max (L.) Merr., Þelds using a sweep net at three locations in Louisiana during August and September of 1996 and 1997: Jeanerette (JEAN) in Iberia Parish, Morganza (MORG) in Pointe Coupee Parish, and Winnsboro (WINN) in Franklin Parish. Soybean loopers also were collected near St. Joseph (STJOE) in Tensas Parish in 1997. These soybean Þelds received no insecticide applications before or during our sampling periods in either 1996 or 1997. Larvae were transported to the laboratory and placed in 30-ml plastic rearing cups (1 larva per cup) containing Ϸ5 ml of pinto bean-wheat germ diet (Thomas and Boethel 1993) . Larvae were allowed to feed for 24 h on the diet, and 100 larvae of the Þeld (P) generation, composed of third (20 Ð30 mg), fourth (35Ð50 mg), and Þfth (75Ð125 mg) instars (Shour and Sparks 1981) , were selected for bioassays.
In addition to testing individuals from the P generation, Ϸ400 Ð 600 larvae from each Þeld strain were retained to establish laboratory colonies. Individual larvae were placed in 30-ml plastic cups containing diet and allowed to pupate. Pupae were placed in plastic rearing containers; after eclosion, adults were fed a 10% honey solution and provided with paper oviposition sheets. Temperature was maintained at 24 Ϯ 2ЊC with 70 Ð75% RH and a photoperiod of 16:8 (L:D) h. Only individuals that appeared healthy from the Þeld samples were placed in culture for use in subsequent F 1 generation bioassays. Individuals from the Þrst generation of laboratory-reared insects (F 1 ) were tested when larvae reached third, fourth, and Þfth instars (30 Ð50 larvae per instar per bioassay). In addition, a laboratory-reared strain of soybean looper (USDA strain; Thomas and Boethel 1993) was obtained from the USDA-ARS Southern Insect Management Laboratory at Stoneville, MS, and this served as the reference strain. Rearing procedures for the USDA strain were identical to those used for the Þeld-collected strains.
Bioassays: USDA Strain. Insecticide-artiÞcial diet overlay bioassays, as described by Mascarenhas and Boethel (1997) and Mascarenhas et al. (1998) on third-, fourth-, and Þfth-instar soybean looper larvae. Stock solutions (10,000, 1,000, or 100 ppm in distilled water) were prepared based on percent active ingredient. Dilutions were made using distilled water to determine the diagnostic concentration for each insecticide. Dilutions were based on LD 90 s determined using data from previous dosage mortality bioassays (Mascarenhas and Boethel 1997) . Hot diet (3 ml) was pipetted into 30-ml plastic cups and allowed to cool, and 100 l of serial dilutions of a particular insecticide were applied to and distributed over the diet surface and allowed to dry for 1 h. The USDA reference strain larvae were exposed to the treated diet as well as diet treated with distilled water only as controls.
Diagnostic concentrations were deÞned as those that killed Ϸ90 Ð95% of the individuals tested from the reference strain. A large number of individuals (250 Ð 300 per concentration per instar) from the reference strain were exposed to these concentrations to conÞrm that mortality of this susceptible population was within the 90 Ð95% range. One larva was placed in each diet cup, and insects were maintained at room temperature (23 Ϯ 2ЊC) and 35% RH during the experimental period. Mortality was recorded at 72 h, and larvae were considered dead if they did not respond to prodding. Data were corrected for control mortality with AbbottÕs formula (Abbott 1925) and analyzed with probit analysis (POLO-PC, LeOra Software 1987) .
Bioassays: Field Strains. Once diagnostic concentrations were established with the USDA reference strain, 100 larvae (mixture of instars) from the P generation of each Þeld-collected strain of soybean looper (JEAN, MORG, STJOE, and WINN) were exposed to diet treated with a diagnostic concentration of each insecticide, as well as distilled water controls. Cups with diet were prepared, a diagnostic concentration of insecticide (100 l) was placed on the diet surface, and larvae were tested as previously described for the reference strain bioassays. The same procedure was conducted on all Þeld-collected strains using individuals from the F 1 generation to ensure that mortality was not caused by factors other than insecticide exposure (e.g., disease, parasitism) and to compare the results of the two generations to determine whether the P generation larvae could be used to monitor resistance rather than rearing insects to the F 1 generation.
Percentage survival data were corrected for control mortality using AbbottÕs (1925) formula and analyzed with categorical data modeling and linear contrasts (SAS Institute 1997). Field-collected strains were compared with each other and with the reference strain within the P generation. Comparisons also were made among the reference strain and Þeld-collected strains in the F 1 generation bioassays. Probability values (P ϭ 0.05) were adjusted using the Bonferroni adjustment according to the number of contrasts made (Millikan and Johnson 1984) . In addition, to differences among strains, the F 1 data were analyzed, as above, by strain to determine whether there were differences in response among third, fourth, and Þfth instars for each insecticide.
Results and Discussion
Using a 5 ppm diagnostic concentration for permethrin, all strains from the P and F 1 generations had signiÞcantly higher percentage survival at 72 h than that of the reference strain in 1996 and 1997 (Fig. 1) . The highest percentage survival was observed in the P and F 1 generations of the MORG and WINN strains in 1996. These strains were collected from soybeans near cotton Þelds, and increased soybean looper resistance to pyrethroids has been reported in areas where cotton and soybean are grown in close proximity (Felland et al. 1990 .
Vial data using a diagnostic dose of permethrin indicated that soybean looper populations from Jeanerette, Morganza, and Winnsboro exhibited 60, 56, and 71% survival, respectively, in 1996 (D.J. Boethel., unpublished data). In 1997, percentage survival from these three locations was 37, 77, and 73%, respectively, and 67% from St. Joseph (D.J.B., unpublished data). With the exception of vial data collected from Jeanerette in 1996, these data conÞrm results obtained in the current study from the insecticide-diet overlay bioassays (Fig. 1) .
A diagnostic concentration of 1,300 ppm was used in the thiodicarb bioassays. In 1996, percentage of survival was lower in the USDA and JEAN strains than in the MORG and WINN strains in the P generation assays (Fig. 2 ). There were no differences observed in survival in the F 1 generation in 1996. There were signiÞcant differences between Þeld-collected strains and the USDA strain in both P and F 1 generation bioassays in 1997. Percentage survival was lower in the STJOE strain than in the JEAN or WINN strains in the P generation. Survival was highest in the WINN and STJOE strains in the F 1 generation.
Although there were differences in survival in soybean looper populations collected from the Þeld relative to the reference strain in 1996 and 1997, thiodicarb is still providing excellent control of soybean looper in Louisiana (Mascarenhas et al. 1996) . However, in other states, such as Alabama (Sullivan 1992) and South Carolina (Sullivan and Chapin 1990) , growers have had to use higher rates of thiodicarb than that recommended in Louisiana to adequately control soy- bean loopers. For this reason, researchers and growers should be aware of the changes in response of soybean looper populations in Louisiana to this insecticide.
A diagnostic concentration of 60 ppm was determined for chlorfenapyr. There were no signiÞcant differences in percentage survival among the strains of the P generation in 1996 (Fig. 3) , and only the JEAN strain had signiÞcantly higher survival than that of the reference strain in the F 1 generation. However, the percentage survival observed in the JEAN strain of the F 1 generation was not signiÞcantly higher than that of the MORG or WINN strains. In 1997, there were no signiÞcant differences among strains in the P or F 1 generation bioassays (Fig. 3) . These results were not surprising because chlorfenapyr has not been used commercially for soybean looper control.
A diagnostic concentration of 5 ppm was determined for emamectin benzoate. There were no signiÞcant differences in percentage survival among strains in either generation or either year (Fig. 4) . As with chlorfenapyr, emamectin benzoate has not been registered for use in soybeans; therefore, the results from these bioassays were as expected.
A diagnostic concentration of 60 ppm was obtained in the spinosad bioassays. There were no signiÞcant differences among the strains in the P or F 1 generations in 1996 or 1997, except for the MORG strain in the P generation in 1996 (Fig. 5) . As with the other newly developed insecticides (chlorfenapyr and emamectin benzoate), this compound has not been applied commercially for soybean looper control. In Þeld trials in Louisiana, this compound has shown very good activity against soybean loopers (Mascarenhas et al. 1996) .
There were no signiÞcant differences detected with any of the experimental insecticides in 1996 for survival of third, fourth, and Þfth instars in the F 1 generation bioassays. The same was true in 1997, with the exception of chlorfenapyr in bioassays evaluating the JEAN strain in which the third instars had signiÞcantly greater percentage survival (30%) than the fourth (10%) and Þfth instars (6%) ( 2 ϭ 10.9, df ϭ 2, P Ͻ 0.01). Similar differences among instars were noted for the JEAN strain in the permethrin bioassays in 1997, with third instars demonstrating signiÞcantly higher percentage survival (78%) than fourth (50%) or Þfth (42%) instars ( 2 ϭ 18.1, df ϭ 2, P Ͻ 0.01). In the thiodicarb bioassays, signiÞcant differences among instars were observed in 1997 in JEAN and STJOE strains. Greater survival of third instars (40%) compared with fourth (16%) and Þfth instars (16%) was observed in the JEAN strain and signiÞcantly lower survival of third instars (22%) compared with fourth (48%) and Þfth instars (46%) was observed in the STJOE strain ( 2 ϭ 10.6, df ϭ 2, P Ͻ 0.01). Mink and Boethel (1992) reported that responses of third-, fourth-, and Þfth-instar soybean loopers exposed to a diagnostic concentration of permethrin in glass vials were similar, thus, allowing the researchers to use a combination of instars in subsequent bioassays. They concluded that eliminating the need to separate larvae into different instars was critical for using their bioassay technique in the Þeld. They went on to remark that only limited training would be needed to classify soybean looper larvae into the size ranges necessary for their diagnostic dose bioassay method. This approach also appears feasible for the insecticide-diet overlay bioassay technique used in the current study, especially for the experimental insecticides.
In addition to the advantage of using several instars of soybean loopers with this technique, the use of the P generation rather than the F 1 generation also increases the practicality of the bioassay. There appeared to be few differences between percentage survival in the P and F 1 generations for most insecticides. Therefore, in the future, larvae collected directly from the Þeld may be substituted for F 1 individuals, eliminating the need for rearing insects and increasing the speed in which results may be obtained. However, control insects should be tested from the Þeld to estimate the percentage of larvae that may die because of natural mortality factors.
The development of diagnostic concentrations for particular insecticides is not a novel resistance monitoring technique. McCutchen et al. (1989) developed a glass-vial technique for detecting resistance in tobacco budworm, Heliothis virescens (F.), larvae in cotton. Mink and Boethel (1992) and Mink et al. (1993) used similar techniques for evaluating permethrin resistance in soybean looper larvae and adults, respectively, as did Martin (1994) for monitoring resistance to cypermethrin, endosulfan, and methomyl in the tobacco budworm. Joyce et al. (1986) used an insec- ticide-diet overlay bioassay for developing dosagemortality lines for thiodicarb against the bollworm, Helicoverpa zea (Boddie), the fall armyworm, Spodoptera frugiperda (J. E. Smith), the beet armyworm, Spodoptera exigua (Hü bner), and the tobacco budworm. In addition, Chandler and Ruberson (1996) used this technique to develop dosage-mortality lines for chlorfenapyr, cypermethrin, thiodicarb, and dißubenzuron against the beet armyworm. However, no diagnostic concentrations were developed for the insecticides used in either of these last two studies. Martin (1994) used the insecticide-diet overlay method for developing a diagnostic concentration for thiodicarb against the tobacco budworm, but no other insecticides were evaluated using this technique. The development and use of diagnostic concentrations for experimental insecticides that primarily become toxic after ingestion represents a new approach to resistance monitoring for the soybean looper.
In conclusion, the technique used in the current study has the following three advantages. This bioassay method (1) is used to monitor resistance levels in the target stage of the pest (larva), (2) can be used on Þeld generation larvae from a range of different instars (third-Þfth), as well as for subsequent laboratory generations, and (3) it is less labor intensive and less time consuming than dosage-mortality bioassays. The development and validation of diagnostic concentrations for insecticides with novel chemistries that are being evaluated for control of soybean looper will complement earlier research using the diet overlay bioassay (Mascarenhas and Boethel 1997 ) that established base-line dosage-mortality data on these products. Together, this research provides resistance monitoring technology to assist in resistance management and extend the use of these insecticide chemistries as viable management tools. tomology, LSU Agricultural Center) for their help in insect collections, rearing, and bioassays. The manuscript was reviewed by J. B. Graves, B. R. Leonard, and J. A. Ottea (Department of Entomology, LSU Agricultural Center). This research was supported partially by a grant from the Louisiana Soybean Grain Promotion Board. The manuscript was approved for publication by the director of the Louisiana Agricultural Experiment Station as manuscript 97-17-0394.
